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*^Bui’ing  this  investigation  a study  was  made  of  photochemical  initiation  of 
detonation  in  gaseous  explosive  media.  The  study  is  judged  relevant  to  the 
development  of  the  single  event  third  generation  FAE  weapons.  The  flash  photo- 
lysis technique  was  used  to  investigate  the  mechanisms  of  photochemical  initiatiijn 
of  detonative  chemical  reactions  in  sub-atmospheric  explosive  gaseous  mixtures 
of  Ho-Cl"  and  CoH^-Oa  with  and  without  NO^  sensitization.  Results  conclusively 
demonstrate  the  feasibility  of  initiation  of  detonation  by  the  free  radical  mode 
of  initi.ntion.  Direct  initiation  of  detonation  is  produced  after  some  critical 
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induction  time  provided  the  initial  free  radieal  concentration  exceeds  the 
limiting  critical  value  characteristic  of  the  particular  explosive  medium.  Tiirce 
regimes  of  late  time  propagation  can  be  generated  by  varying  the  flash  intensity. 
With  increasing  flash  energy  the  deflagrative , transitional  and  dctoriative 
regimes,  reminiscent  of  those  initiated  by  the  thermal  blast  mode,  have  been 
produced  using  pliotochemical  initiation.  The  mechanisms  of  initiation,  however, 
are  drastically  different  for  the  two  modes.  In  photochemical  initiation,  the 
development  of  combustion  vv'avcs  is  due  to  the  cxothci’micity  of  chemical  reactions 
consequent  to  the  injection  of  the  free  radicals.  In  the  thcimial  modes,  initiati  m 
occurs  thermally  via  auto-ignition  of  reaction  in  the  wake  of  a decaying  blast. 

The  results  show  that  for  phc>tochemical  initiation,  deflagrative,  transitional 
or  detonativc  combustion  waves  develop  from  a diffuse  region 

of  chemical  reactions  cori’esponding  to  the  highest  initial  conceiiti’ation  of  free 
radicals.  The  development  of  tlie  combustion  waves  occurs  subsequent  to  the  rapid 
evolution  of  a sliock  wave  from  this  region  of  diffuse  chemical  activity.  Kith 
more  intense  radiation  than  tiiat  necessary  for  direct  initiation  of  detonation, 
the  strength  of  the  detonation  front  decreases  with  increasing  flash  energy". 

This  is  attributed  to  chemical  pre-activation  via  dissociation  of  the  explosive 
gas  medium  ahead  of  the  advancing  detonation  front.  It  is  expected  that  with 
vei"y  intense  irradiation,  volumetric  initiation  of  chemical  reactions  throughout 
the  entire  gas  medium  could  be  achieved.  To  the  best  of  our  knowledge,  the 
results  of  the  present  study  arc  the  fij’st  ever  to  elucidate  in  detail  the 
mechanisms  of  photochemical  initiation  of  detonation  in  gaseous  explosive  media. 
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ABSTR^C^ 


The  present  peper  rcjxirts  the  results  of  a study  of  photochOTlcal 
initiation  of  detonation  in  gaseous  explosive  riodia.  The  study  is  judged 
relevant  to  the  develcpr.cnt  of  the  single  event  tliird  generation  ??£  weapons. 

"lie  flash  photolysis  teclmique  was  used  to  investigate  the  mechanisrrs  of 
p!x)tochanic:al  initiation  of  detonative  chemical  reactions  in  sub-atmospheric 
G;gdosive  g£iseous  mixtiu'cs  of  H -Ci_  and  CJl_-0„  with  and  witiiout  N0„  sensi- 
tization.  The  results  conclusively  demonstrate  the  feasibility  of  initiation 
of  detonation  by  the  free  radical  mode  of  initiation.  Direct  initiation  of 
detonation  is  produced  after  serre  critical  induction  tiHie  provided  tlie  ini- 
tic.l  free  radical  concentration  occeeds  the  limiting  critical  value  charac- 
teristic of  the  particular  explosive  medium.  I'hree  regimes  of  late  time 
prc'pagation  can  be  generated  by  varying  the  flash  intensity.  V7ith  increasing 
flash  energy  the  deflagrativo,  transitional  aiid  detonative  regimes,  r'o^ini- 
scent  of  those  initiated  by  the  theniial  blast  mode,  have  been  produce<  using 
photochemical  initiation.  The  mec'nanisms  of  initiation,  hc'.-;cver,  are  dras- 
tically different  for  the  two  modes.  In  photochcmucal  initiation,  the  deve- 
lopa;nt  of  combustion  waves  is  due  to  the  exothermicity  of  chemical  reactions 
consequent  to  the  injection,  of  the  free  radicals.  In  the  thermal  rxxies, 
initiation  occurs  thermlly  via  auto- ignition  of  reaction  in  the  wahe  of  a 
decaying  blast.  The  resu].ts  sho/;  that  for  photochemical  initiation,  deflag- 
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rative,  transitional  or  detonative  conbustion  waves  develop  frean  a diffuse  j 

region  of  chc.Tdcal  reactions  correspoi'ding  to  the  highest  initial  concentra- 
tion of  free  radicals.  The  development  of  the  cembustion  waves  occurs  sub- 
sequent to  the  rapid  evolution  of  a shock  wave  from  this  region  of  diffuse 
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chcsnical  activity.  Witlr  more  intense  radiation  than  thrd  necessary  for  i 

direct  initiation  of  detonation,  the  strength  of  the  detonation  front  decreases 
with  increasing  flash  cnergx’.  This  is  attributixl  to  cherucal  pre-activation 
via  dissociation  of  tlie  e.\plosivo  gas  medium  aliead  of  the  advancing  detonation 


front.  It  is  expected  that  v.’itli  very  iji tense  irradiation,  volixnctric  initia- 


tion of  chenucal.  reactions  throughout  the  entire  gas  medium  could  be  achieved. 


'It)  the  best  of  our  knavlodge,  tlie  results  of  the  present  study  are  the  first 


ever  to  ‘elucidate  in  detail  the  mechanisms  of  photochemical  initiatio.n  of 


detonation  in  gaseous  e>rplosive  media. 
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1.  Intxo;U'ction 


The  present  report  dascribes  the  results  of  a study  of  a novel 
mode  of  detonation  initiation  in  a gaseous  explosive  medium.  The  essence 
of  this  teclinique  is  that  initiation  is  achieved  by  chamical,  rather  than 
tliermal  means.  In  this  chemical  mode  of  initiation,  the  prirary  initiating 
stop  in  the  development  of  explosive  reactions  is  via  t-ho  rapid  production 
of  free  radicals  in  the  gaseous  medium  itself.  The  main  secondary  explosive 
reaction  in  the  fuel-air  mixture  tlicn  proceeds  spontaneously  and  autemati- 
cally  after  an  induction  time  and  without  further  external  intervention  pro- 
vided the  free  radical  concentration  produced  in  the  primary  reaction  exceeds 
a certain  critical  threshold  level.  The  free  radical  production  can  be  trig- 
gered by  auto-dissociation  via  a catalyst  injected  and  dispersed  in  the  deto- 
nating gas  or  by  stimulated  dissociation  of  one  of  the  exanstituents  (or  of 
a sensitizer)  by  external  means,  eg.,  flash  photolysis.  In  the  present  study, 
the  photo— dissociation  or  the  flash  photolysis  technique  has  been  used  e:-:clu- 
sively  as  tlic  free  radical  producing  process.  The  basis  for  the  choice  v.as 
one  of  convenience  since  the  technique  readily  lends  itself  to  quantitative 
variation  of  tlie  concentration  of  free  radicals  produced,  as  well  as  of  the 
rate  of  their  production.  This  flexibility  was  particularly  important  in 
the  present  study  since  empliasis  was  placed  on  elucidating  the  detailed 
mechanisiTS  of  this  mode  of  initiation  which  implied  as  wide  a variation  of 
parameters  as  possible,  while  preserving  the  essential  universal  features 
of  tlie  phencmenon. 

The  mechanisms  underlying  the  free  radical  mode  of  detonation 

initiation  are  drastica-lly  different  from  those  for  the  thermal  inodes  of 

• . • • (1-31 

initiation  in  which  detonation  is  produced  fran  accelerating  flames 

or  fran  blast  '^ves  in  a detonating  gas^'^'^^  These  two  latter  modes  of 

initiation  have  boon  extensively  stixiied  over  the  span  of  the  past  two 
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decades  and  the  understanding  of  the  underlying  mocliani5r.is  has  reached  a 
functionally  satisfactory  degree  of  corpleteness.  In  particular,  the  blast 
initiation  technique  has  been  e;<ploitcd  successfully  in  the  development  of 
tlie  second  generation  of  FAE  \^;eapx3ns.  Currently,  however,  the  free  radi- 
cal node  of  detoration  initiation  appecurs  to  have  great  potential  interest 
in  the  context  of  the  single  event  third  generation  of  FAE  weapxans.  In 
such  devices  the  radical  producing  cherdcal  catal^’st  would  be  disseminated 
simultaneously  with  tJie  fuel  in  tiie  formation  of  tiie  e^'-gdosive  vapxar  cloud. 
Explosive  reactions  would  then  proceed  autcrnatically  thuroughout  the  vapxar 
cloud  after  a characteristic  delay  as  a result  of  tlie  chaniciiL  action  of  tlie 
free  radicals  in  ini.tiating  such  reactions.  The  most  effective  version  of 
such  a weaixn  would  be  one  for  which  the  induction  time  for  the  developirent 
of  chemical  reactions  via  tlie  free  radicals  would  be  adjusted  to  correspond 
to  the  time  scale  for  the  mixing  of  the  fuel  \vith  the  ambient  air  to  explo- 
sive projxrrtions  over  most  of  the  spxin  of  the  vap>or  cloud.  It  is  evident, 
therefore,  that  the  successful  development  of  an  effective  third  generation 
FAE  weapon  is  contingent  upon  the  ability  to  control  a number  of  time  scales 
inherent  in  the  coupled  chemico-kinetic  and  gasdynamic  processes  underlying 
this  mode  of  initiation.  As  of  the  present  time,  relatively  little  is 
kncu^n  about  the  detailed  mechanisms  of  initiation  of  detonation  via  cheanical 
sensitizers.  Hence,  tiie  ability  to  control  events  to  the  extent  that  would 
be  necessary  in  a functional  third  generation  FAE  weapon  is  at  present  com- 
pletely leicking  and  must  await  the  resolution  of  a number  of  fundamental 
problems  in  this  area.  Although  in  the  past  thirty  years  there  lias  been 
sane  work  done  in  the  area  of  free  radical  initiation  ard  enhancement  of 
chemical  reactions  using  flash  photolysis,  no  direct  concentrated  efforts 
wore  made  to  study  detonative  conbustion  via  such  initiation  per  se.  For 
example,  in  the  classical  work  of  Norrish,  Porter  and  Thrush in  the 
early  fifties  on  photochemi.stry',  there  is  indirect  evidence  tliat  detonation 
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was  producod^^^^ . Ilwcvcr,  tdieir  attirade  at  tiie  tirn  was  that  such  occur- 
rences produced  spatial  and  tc"irx>ral  inhesnojeneities  win' eh  v:as  an  undc3ir^;b]e 
experimental  ccmplication  to  avoided  ij'i  tlio  context  of  tJic  min  thr-jst  of 
their  work  in  photochaaistiA'  for  which  a ha;>occneous  nxxhirr.  was  rc\;uirc>d. 

The  otlier  nuin  research  done  in  this  area  is  the  irvore  recent  work  of  Corka- 
nowicz  et  al^^^  who  investJejatod  the  initiation  of  chc-Tiical  reactions 
by  flash  photolysis  in  non-s.ensitZLxl  media  of  notlianc'-oxidi.zor  and  liydrogcn- 
oxidizer  gaseous  niLxtures.  Tlieir  work  uas  concexaicd  wit}':  enhancing  cerbus- 
tion  in  supersonic  propulsion  syst.a"'s  and  did  not  include-  a study  of  detona- 
tive  ccr.'bustion.  Perhaps  tdie  only  rerxii'tcd  situation  -r'.-  detoiuitive  com- 

bistion  was  produced  intentionally  and  directly  by  fla.'f-.  ■■  '‘.itolysis  by 
(1  f>) 

Wadsworth  who  resta'ictex;!  hirxseli  to  using  the  tecirv'  to  a.vnc-  ate 
inploding  v.avcs. 

Tile  min  tlitnst  of  tlie  present  -work,  tlierenn  , ins  eu  to  addrc■s^■ 
itself  directly  to  tiie  problem  of  detonation  initiatix':;  iiy  churnc..!  sfr-n- 
tizers  in  order  to  build  up  tlio  necessary  fu.diamcntal  lir- i^  rs^-undin  i of  trie 
mechanisms  involved  so  tliat  thi  s in  txu'n  could  bo  appH<, to  the  d'ev.rlornent 
of  the  third  generation  IV-Jl  devices.  The  approach  ins  first  to  iden- 

tify the  problem  are- is  and  then  to  investigate  t.hem  syst  emtical  ly  each  in 
turn.  The  O'.'crall  problem  is  bro.kcn  d^ai  into  a number  of  "prcific  teisks 
wiiicii  arc'  ourlincx.1  balc'.e  and  are  discuss-ad  sacruentially  in  detail  in  the 
reminder  of  tlio  re^jort.  Tiie  tasks  are: 

i)  to  confirm  the  feasibility  for  direct  initiation  of  detonation  via 
tlic  free  radical  mode  of  initiation, 

ii)  to  c;-.plorc  tl;o  ma-antitativc  link  between  the  frc'o  radical  concern trat ion 
orifl  tlie  iixiuction  time  for  chemical  reactions  in  .some  topical  oplosivc 
medium, 

iii)  to  identify  tlie  detailed  wive  processes  occuring  during  initiation. 
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iv)  to  elucidate  the  detailed  iueeluuiie.-u=-;  ol'  this  rxdo  o.  iaitiation,  i.e., 
to  establi;:.h  the  dctiiilcKi  sc’ciuencc-  of  c-vcTits  U-'t-vvC-an  i h<  tine  of 
injection  of  tiie  fre'c'  rac-iicals  aiid  t-he  tic.’/e  of  cvelutjf^.'.  of  t-he  ueton.t- 
tion. 


Diro 


Ini  i 


an  o^  b icn 


To  confiiTn  the  'i  direct  i!"  it  a,  tii'n  ' ‘n'd  : 

Uie  free  2‘adical  o’"  : r; t ' atior. , c i.erics  of  cer  • r.;  i ■ c 

vrhicii  for  re^xons  of  c:'..  a ana  ,-on\na-::..'nce  ecnlc'Vi an  a'.- - ; »e-d 

laser  system  tic;t  c-uid  1^  r^...  ily  "niifioc:  for  the  flesh  ; h • ■■sias  <■ 
nx.‘nts - The  sc'ieiv-C  :C  vln'i in  f^i  ..  1 1 3 lust.-'  ■'  ■a  u.-..  cn:.'  ; :ai  n--:  . 


the  apparatu;.'-  Tin  ;xxi i nen  in.e' 


■nt  ‘T  if;  central  •-  - 


d^iei’tTi  laser  lo:  in  the  ..r  i 
tranenittina  aiurtu  cell  v;l.i 

T-»*  .T_..  «-.»  ,-T 

ric]i.'..  2 cine*  ->  tih.v 

tins  veay.  'I’hc;  cj;u-'tu  c-xplcs 
aixnut  40  cm  loncj  and  uos  ins 
T3ic  cavity  v.us  irradiated  hy 


c ellirci-al  silveei-;  1 -;ee"  ca/' .y  hy  a T’ 

'h  coulr'  ;■  filled  v.'it_r.  tlic  ec.  ' .e---. • :as  naapj.'  . 
;d'..eto'i  o:  the  laxor  cavity  :.r>,c. ; inci  in 

ie:.  ti’d>-'  v.ns  14  rm  ID,  1 rr.i  vail  tiiiclciess  and 
jrted  inside  the  laser  cavity  v.-'nich  's  16  cm,  lone, 
t.-.o  ;<onon  flasli  l:c2ps  (EG  S G }’X--7Ci  and  was 


flushed  with  dry  nitrogen  to  protect  the  silvei'cd  surfaces.  Hie  flash  larjis 
and  tiie  enplosicn  tulc  inside  tiic  cavity  were  cooled  by  a continuous  flcoc  of 
water  at  about  0°C.  The  cicplosion  tule  was  instruixratcd  witli  calibrated 
piczoelocti-ic  trarrducers  (PCB  113A24)  inserted  at  the  tno  ends  of  tlie  tube. 
In  sorro  of  tlio  crpcrLixmts,  one  of  t3ic  ti'ansduccrs  was  removed  aid  a 3 20  cm 
long  glass  trlxi  extaision  of  the  quai'tz  cell  was  added  to  pretrade  beyond 
thc'  ignition  cavity.  A detailed  schematic  diagram  of  the  entire  cx-ecrinYcntal 
sy.stciTi  is  illustrated  in  Fig.  4.  A streak  camera  was  used  to  observe  tlie 
caubu.stion  prcxiossos  in  trio  length  of  tube  extending  bev’ond  tiie  cavity.  The 
two  flash  lamps  were  purniicd  by  an  energy  bank  exmsistinq  of  2250  uf  at  4KV 
nvxcimum.  A phototuixi  (IfCA  929)  rnonitcred  tlio  l.ight,  outrput  o^  tiio  flash  tube 


f 


UlSltK 


prctxu'c^.  in 


r,tj;r 


l.isl'.  aiv;  tl'..'  explosio: 


'"ncro  \%as  no  r.eed  to  avoi. 


of  dcton-ntion  initiation 


Tlic  results  of  the  present  cxparL'Ponts  conclusively  demonstrate 
dii'cct  initiation  of  detonation  in  all  the-  r.iLxturcs  U2~^2'  2^ 

tested  in  the  riressuro  range  of  10  to  150  torr  could  be  achieved.  Tlie 
flash  duration  is  aix>ut  2 irdlliscconds  and  if  tiie  start  of  the  flash  is  taka 
as  the  reference  tirre  t ~ C,  tlm  aftc’r  a deltiy  t\rically  of  the  order  of  a 
few  hun^Lrod  nicrosf.'Con.is , a sudden  pressure  rise  in  tie  cavit%'  is  obscr\cd 
as  rtxjistcrcxi  ty'  tlie  pressure  transducer  at  the  ignition  end  of  the  crqjlo- 


^ :t  : . >ri  v.\  ' • 


i.  i . V 


\ sjrc  tJ-;c  :'i':..-,,  •;:,  : ,■., 

it-sul:,  t:..-  iriducti:  n d-lay  tii.,a  (i.e.,  ircr-  t,;..  1-  ;T;;.!^.;  ; th  f:arh  to 
ti'.e  ayrx-a.rance  of  V::-^  detonation)  is  diffon  t.t  (!•:  :.  8).  'I’ha  rcsolts  s-iW 


tlie  yonc'Ltd.  Khaviot,  laa.val’.-  that  i. 


le  indacLic'n  delay  diLtrcases  ’islth 


1)  increasing  scnsitiaer  (i.e.,  conccntiv tio.n,  ii)  i.ncreasi.ng  initial 

pressure  ajxl  iii)  increasinq  flash  er.ercr;.  il'.is  result  is  to  be  e.xix^cte.: 
The  pres.sure  dGrx;ndo;ice  (in  tJu'  range  of  20  to  100  torr)  is  not  ver'/  strong, 
'rhe  H^-Cl^  SN'stesi  has  tl-.c  r.iinirairn  induction  tires  while  the  H.,-02  system 
lia.s  t])C  ntr\l’rnx77.  Ivith  102  se'nsitiscr,  C2-!^~air  rrantures  can  also  be 
detonatcxi.  V/itli  sul  ficicntly  higli  flash  energy  detonation  can  be  initiated 
in  C2H2-O2  even  v.htJ-'.out  the  use  of  NO2  as  sc.nsitiscrs.  INpically,  tlie 
induction  tin’.es  for  all  the  a'-gxirimcnts  performed  £ire  belc^sr  1 millisecond 
(Fig.  8). 


There  v.’crc  seme  doubts  initially,  cc.ncerning  v.iiether  or  not  the 
detonation  is  form.cxl  instantaneously  inside  the  axeited  t’olumc.  V.lmt  could 
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liapjxm  is  tiuit  tl'ic  cxcit(_>d  \X)kme  first  burns  vitj-.  n prossiu'c  rise  corresixjrKl- 
ing  to  that  for  constant  voIutk!  corrtiustion.  Then  tho  subscq’aont  oqxinsicn  of 
tiic  combustion  product  gases  into  tJic  unbuiniod  mixture  outside  the  cavity 
will  drive  a sliock  into  tlio  unbui'ncd  mixtures  outside  the  cavity.  If  tl»e 
shock  wave  is  sufficient] y strong  then  it  ceui  form  a detonation  wave.  Hius 
a shock  tube  c>:ilculation  was  parfonr._d  bo  verify  this.  Assuii\ing  the  pres- 
sure rise  inside  the  cavity  corresponds  to  that  for  constai'it  volume  com- 
bustion, the  calculations  indicated  that  tho  strength  of  the  shock  trans- 
mitted to  the  imbum.xl  gases  is  about  = 2,  too  uoak  to  even  cause  auto- 
ignition in  tlie  unbumod  mixture  outside  the  cavity  (Fig.  9)  . This  con- 
clusively sho.va  that  detonation  must  have  been  fomcx2  v/ithin  tho  excited 
portion  of  tho  explosion  tube  inside  tlie  cavity  itself. 

A series  of  e:gx!riments  were  ne.xt  perfonrsd  to  obtain  a more 
de^tailed  pressure  history  of  the  explosion  prcccssos  inside  the  excited 
volume,  livo  calibrated  q-aartz  P05  pressure  transducers  were  used  (one  at 
cither  end)  to  record  the  explosion  pressure  in  various  lengths  of  the 
explosion  tihc  ranging  fran  4 cm  to  36  an  long.  Using  tlio  36  on  tube,  tho 
excited  volun-e  is  the  central  16  cm  of  tho  tube  and  10  cm  of  unaxcited 
lengths  stick  out  from  either  end  of  the  flash  cavity.  Tho  tube  ends  are 
closed  by  tire  t\^)D  calibrated  PCS  cjucurtz  transducers.  In  Fig  10a,  we  note  that 
after  a delay  of  eibout  460  usee,  the  two  PCB's  record  a sudden  pressure 
rise  v.liich  cruantitativciy  corresponds  to  a pressure  slightly  above  tlio  rc?- 
f looted  pressure  of  a ChaiT.ian-Jouguct  wave  in  the  mixture.  Thus  a slightly 
overdrivcin  detonation  wave  is  formexi  in  this  case.  This  experiment  proves 
that  detonativo  cerbustion  must  have  cccurcd  inside  tlio  cavity  itself  Ix?- 
cause  tho  usual  prodetonation  distance  for  this  mixture  is  of  the  order  of 
a meter  if  a flame  v-orc  to  bo  initiated  inside  the  erxeited  volume  and 
transition  to  tal'-c  plcicc  outside  in  tho  remaining  10  cm  length.  Tho  pressure 


ti'accs  also  daionstiMto  Lliit  a scries  of  pressure  waves  arc  boa-iCing  back 


forth  inside  tlie  orplosion  tube.  Tliese  waves  origir^to  fraa  the  reflection 
of  the  detonations  fran  tlie  ends  of  the  tube?.  In  Fig.  10b  aliridnuru  foil  is 
used  to  iras)c  off  every  tiling  but  the  central  one  third  of  the  explosion  tube. 
Thus  only  tJie  central  part  of  the  tube  in  the  cavity  corresponding  to  about 
5 C3T1  length  gets  excited  by  tiie  flash.  The  resultant  press'ure  traces  are 
similar  to  Fig.  10a.  Ihe  induction  time  is  slightly  longer  end  hhe  peak 
pressure  slightly  lo.s’or,  corresponding  now  to  exactly  the  reflected  C-J  pres- 
sure. In  Fig.  10c,  all  but  1 cm  of  the  central  part  of  t.he  e'-plosion  tube 
is  masked  off  by  aluminum  foil  from  tiie  flash.  The  induction  time  nav  is 
lengthened  to  about  650  ;.sec.  Tlie  pressure  traces  arc  similar  to  that  of 
Fig.  10b  and  tlie  iiirplitude  again  corresponds  to  tl'.e  exact  value  for  a re- 
flected C-J  detorat.ion  wave.  These  c •■qx?rLmcnts  i.tdicate  that  deto.nation 
initiation  can  be  achieved  v;it.h  only  1 an  length  of  the  c.'-plosion  tube  er<- 
cited  by  tlie  flash. 

A .series  of  expcriTc.nt.s  were  ne.xt  priormiod  to  look  at  the  effect 
of  the  size  of  the  volume  excitel  on  tl.e  magnitude  of  tfic  explosion  pressure. 
VJith  eun  e-xplosion  tube  of  16  cm  io:>g,  wtiich  corresponds  exactly  to  the 
length  of  tlio  flash  tulx?  itself,  the  pressure  rise  indicated  a fully  deve- 
loped C-J  detonation  occrured  inside  tht^  excited  volume  of  16  cm.  Tl'.e  induc- 
tion delay  t,i.n>e  to  explosion  is  about  440  usee  (Fig.  11a)  . V.'ith  the  length 
of  the  explosion  t.ibo  reduced  to  1.0  an,  the  delay  time  has  lengthened  to 
750  psec.  Tlio  pressure  apDlitude  no.v’  drops  to  eibout  60%  of  the  reflected 
C-J  pressure  of  Fig.  11a  (or  Fig.  10a,  10b,  10c) • A slow  and  quite  small 
pressure  rise  is  now  observed  prior  to  the  sudden  junp  indicating  the  on- 
set of  detonation  (Fig.  11b)  . Uh.c.n  the  length  of  the  explosion  tube  is 
further  ri-duccd  to  4 cm,  tlie  delay  time  to  oplosion  is  furtlner  lengthened 
to  about  900  liscc.  Tlio  pressure  amplitude  is  new  only  about  50%  of  the 
reflected  C-J  pressure  (Fig.  11c) . Those  .sct.n  of  oporiments  suggest  that 
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there  aviits:  a critical  voluiao  vviy,'re  fully  developed  detonation  can  \yc  forrK'd. 
BoIct'/  tills  ci'itical  volurrve  the  process  does  iiot  yield  a fully  dovelc'jx:d 
detonation  wa\’o.  It  ap}x;ars  tliat  wliat  liappens  inside  tlie  excited  volune 
during  tlic  induction  period  is  the  formation  of  pressure  v.uvcs  due  to  iia- 
Ixariogoneitics  (perhaps  due  to  non-uniform  excitation  or  gas  concentration 
fluctuations) . These  pressure  waves  propagating  in  the  excited  volirno  rich 
in  free  radicals,  can  easily  lead  to  fully  develoi-xed  dotojvations.  However, 
tlio  developucnt  to  detonation  fran  these  waves  still  rc<ruires  finite  tLaK? 

(or  ccjuivalcntly  a finite  travel)  . Thus,  if  the  excited  volui;ic  is  too 
small,  the  detonation  is  not  develojxd  and  the  pressure  rise  is  accordingly 
loi,x!r  than  tlio  C-J  value. 

The  important  conclusion  fran  these  oxjxrimcnts  is  that  detonation 
in  hydrocarton-oxi'gen  or  air  mixtures  can  readily  be  initiated  using  a uv 
flash  for  dissociation  and  tlius  gcneratij'.g  the  necessary-  free  radicals, 
liilly  developed  C-J  detonation  can  be  fomed  within  this  excited  volune  if 
tlic  volume  is  above  a certain  critical  size  of  the  order  of  a few  centi- 
meters. Due  to  the  existence  of  free  radicculs  ahead  of  tl'.e  detonation  wave 
propagating  in  the  excited  volume,  tine  wave  nvay  become  overdriven.  Tne 
resultant  pressure  rise  can  exceed  tlnat  of  the  C-J  values  for  the  mixture. 

3 . Calculation  of  Induction  Time 

In  terras  of  tiic  single  event  third  generation  F7VE,  the  induction 
time  to  explosion  is  pcrlraps  one  of  the  most  iirportant  parameters  determining 
the  effectiveness  of  such  a weapon.  If  the  induction  time  is  too  short 
then  tho  free  radical  production  via  catalytic  reactions  will  peak  before 
the  fuel  and  the  ciirbicnt  air  have  managed  to  mix  to  explosive  proportions 
over  any  extent  of  the  vajxjr  cloud.  On  the  other  hand,  if  tho  induction 
time  is  overly  lo  ig  tJien  the  fucl-a i r mLxture  can  ccmjjletely  disperse  to 
bolcw  the  dcLonability  limits.  Therefore,  in  the  effective  design  of  any 
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s{.x\L'ific  I'AE:  device.  Uie  induction  tinio  for  a given  catalyst  fuel-air  system 
ideally  should  be  tatchi-d  to  t_he  time  scale  for  fuei  dis:.i<’rsion  and  air 
ndxing  to  explosive  proport io;is  over  most  of  the  vaix>r  cloud.  Tljis  implies 
a judicious  clioice  of  a suit:iljle  catalyst-fuel-air  caiL’ ration.  I’nfortu.natcly , 
at  the  present  time;  C'ne  docs  not  kncAv’  a priori  tire  induction  tire  for  any 
such  arbitrary'  combiititicn.  Ha.-:ever,  in  the  light  of  the  ex^xau'.  ' 'iits  des- 
cribcxl  in  tiro  previous  section  it  is  evident  that  th"ic  '’.xi:u  ; m intirute 
link  botv.oen  the  induction  time  euad  the  irritial  free*  radical  cc'r.cen:  ration. 
Since  the  free  radical  concentration  is  in  turn  dctorm.ir.od  Ly'  tl'.e  tlash 
intensity  or  by  the  catalyst  concentration  in  catalv^tic  initiation,  the  in- 
duction tiirc  can  thereby  bo  linked  to  those  sort  fundamental  prorx'rties  of 
the  primary  initiating  soiu'ce.  The  cstabli.shm.ent  of  a quantitative  link 
between  the  catalyst  concentration  £ind  tire  induction  time  wuld  pro\'ide  the 
criterion  for  the  suitalrle  c.hoice  of  a catalyst  for  a given  fuel -air  system. 

In  the  present  program  an  attar.pt  v.-as  made  to  investigate  tiro 
intricacies  of  such  a cpiantitative  link  by  tlreorctical  riodelling  of  the 
chcmico-kinetic  processes  for  one  fuel-oxidizer  system.  The  gaseous  e:<plc- 
sive  studied  was  tire  equimolar  II2-CI2  system  because  of  the  availability 
and  relative  simplicity  of  the  chemical  kinetic  steps.  It  vras  felt  it 
wuld  provide  the  nviximma  insight  with  minim'um  complaxity  and  it  also  vrauld 
provide  theoretical  cjuidclinos  to  assist  in  the  interpm-etation  of  further 
experiments  v;hich  were  carried  out  largc.ly  with  this  mixture.  Ihe  basic 
pranisc  of  the  theoretical  model  is  that  at  time  t = 0,  an  initial  concen- 
tration of  free  radicals,  atomic  chlorine  [Cl]  in  this  case,  is  instan- 
taneously produced  bv  photodisscciation  in  a constant  volume  exyrlos.ive 
H2-CI2  gaseous  medium.  The  induction  times  arc  tlien  calcmilatcd  frem  tlie 
chemical  kinetic  scheme  for  the  H2-CI2  system  using  tlic  reaction  rate 
constants  for  non-cxcitod  oneniy  states In  the  present  study,  eight 
initial  free  radical  [Cl]  concentrations  wore  assumed  arbitrarily  in  an 
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oq\.iir.olar  Il^-Cl2  iis-xiium  iit  100  ton"  iiiitinl  i jeosuro  to  correspond  roucjhly 
to  a degree  of  disr.oclatic>n  of  the  Cl^  ranging  fran  about  0,2%  to  50%.  The 
cheitacal  kinetic  gcI'.gt.'o  used  for  the  ’^c"^c:tion  is  listed  bedev;. 
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\^^ere  P is  the  prcssivre  in  atn 

R.  is  the  universal  gas  constant 
C is  the  total  concentration  of  chcnical  species 
Q are  the  concentration  of  species  inole/liter 
f is  the  density  graais/liter 
7/2 i is  the  r.iolecular  wcighit  graTis/rrole 
L arc  the  species  11^,  Cl^,  HCl,  H,  Cl 
is  tlie  soecics  entlialpy  cal/gia 
ti  is  tlie  total  enthalpy 

The  above  chemical  kinetic  scheme  in  conjunction  with  the  governing 
equations  of  constant  volume  e-xplosion  were  solved  numerically  using  the 
R-K-G  n-Ethod.  and  CI2  concentrations  have  been  eliminated  by  the  atcm 
conservation  laws.  Chemical  kinetic  rates  have  been  obtained  frem  the  data 

(15) 

of  Cohen  ct  al  . Fran  the  2ibove  data  £ind  tiie  JANAF  tables,  the  backa^ard 

reaction  rates  have  boon  Expressed  in  the  Arrhenius  form,  namely  k = AT^ 

exp  (-E/RT) . C antiii.  have  been  Expressed  in  terms  of  6th  and  5th  order 
^i  ^ 

polyncmials,  resiEctivoiy.  For  C polynomial  coefficients  have  been  cal- 

^i 

culatcd  for  r^ngos  298*'K-2000'‘’K  and  2000°K  - ‘1000°K. 
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lYpical  results  for  Uie  production  of  H,  Cl  and  IlCl  anc3  tlie  dis- 
appearance of  and  Cl^  are  displayed  for  five  cases  in  Figs.  12-17  which 
show’s  t})e  concentration  of  each  species  as  a function  of  time.  Tlic  initial 
condition  in  each  case  is  the;  assumed  chlorine  atom  concentration  [Cl]  at 
t = 0 produced  non-tliermally  due  to  the  photodissociation  of  chlorine  mole- 
cules. Tlie  chlorine  atens  are  then  consumed  in  the  Nernst  chain  meclianism 
producing  hydrogen  ata.'is  and  hydrogen  chloride.  At  the  same  time'  the 
tonperature  is  increasing  due  to  the  exothermic  production  of  hydrogen 
chloride  eventually  to  exceed  the  auto- ignition  limit  for  the  ndxture.  The 
corresponding  temperature- time  curves  are  displayed  in  Figs.  18-23.  Ihus 
after  passing  the  minim.um  point  in  tlie  iiiitial  phases  of  the  reaction  the 
clilorine  aten  • concentration  is  replenished  thermally  due  to  the  axother- 
micity  of  the  combustion  process.  In  the  present  study,  the  ind’uction  tir.'e 
is  defined  as  tlie  time  at  which  tlie  tarpcrat’ai'e  of  the  m.edium  bocins  to 
inci'ease  sharply.  T'ne  actual  value  is  established  by  taking  the  intercept 
of  tlie  tangent  to  tlie  maximum  sloixj  of  the  temperature-tLme  cum/e  witii  the 
initial  tarperature  line  (298'^K) . The  induction  times  so  calculated  ore 
plotted  in  Fig.  24  against  the  initial  chlorine  atom  concentration  [Cl] 
seeded.  Ihe  degree  of  dissociation  of  the  Cl.,  nmecule  ecraivalent  to  this 
is  also  indicated  on  the  abscissa.  It  can  be  observed  tliat  at  high  seeded 
chlorine  atan  concentration  corresponding  to  about  501  CI2  dissociation, 
the  induction  time  is  veiy  short  (<1  usee  in  this  case) . Over  quite  a wide 
range  of  decreasing  initial  chlorine  atom  concentration  (corresponding 
roughly  to  degrees  of  dissociation  of  CI2  betisnen  50%  - 1%  respectively) 
the  induction  time  increases  relatively  gradually.  Hoiv’ever,  for  still  lower 
initi^^l  chlorine  atem  concentration  the  rate  of  increase  in  tJie  induction 
time  accelerates  sharply  in  a way  that  is  qualitatively  similar  to  the 
sharp  increase  in  induction  time  for  thermal  ignition  as  tlie  auto-ignition 
limits  arc  approaclied . In  this  case  one  can  therefore  think  of  some  limit- 
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ing  non  t'vjrrral  ignition  ci'ito'ion  analogous  to.  tlvit  based  on  tcripcratiire 
for  thermal  ignition  where  new  for  non-therroal  ignition,  tlie  criterion 
would  bo  based  on  sonie  critical  limiting  value  of  the  initial  radical  con- 
centration. R'ery  catalyst-fuol-oxidizer  cein  therefore  in  principle  be 
charactorizcxl  by  .seme  critical  miiiinTum  initial  radical  concentratio.n  for 
i non-thcniial  ignition  analcxic'us  to  the  characteristic  auto- ignition  te-moera- 

I 

I 

turc  for  tiiomval  iemition.  I'iS  a basis  for  furtJier  cempeurison  between  thie 

I non-tlienml  a:id  themul  mceles  of  ignition,  tAvo  cases  of  tiiermal  ignition 

I have  also  been  calculated  theoretically  in  the  present  v.ork.  Tine  basic  pre- 

I mise  of  tlie  theoretical  model  for  thermal  ignition  is  that  an  H^-Cl^  equimolar 

' gas  mixture,  initially  at  100  torr  and  298"K,  is  heated  up  instantaneously  at 

, t = 0 to  a higher  temperature  (1400°K  and  1800'’K  in  this  case)  . Ihe  same 

■ chemical,  kinetic  scheme  as  before  has  been  considered  in  the  calculations  of 

[ the  induction  tir.o,  eoccept  that  now  tlio  initiating  step  at  a very'  early  time  is 

^ the  tliennal  dissociation  of  the  chloriiie  molec.iles.  This  process  triggers  the' 

I Nern5;t  chain  of  reactions  where  noi\’  tlio  chemical  kinetic  rates  of  the  Is’emst 

' chain  have  been  ex'trer.’c'ly  accelerated  due  to  the  higher  temperatures.  Figs. 

25  cind  26  slio.;  that  tlie  prad'uction  rate  of  hydrochloride  [hCI]  increases  dras- 

' tically  after  about  the  first  microsecond  or  so.  Beyond  tliat,  ho\<;er\fer,  the 

Nemst  chain  schema  becomes  quite  dominant  in  the  production  of  [n]  and  [Cl]. 

In  fact  one  can  say  that  the  chain  reactions  determine  the  entire  combustion 

process  in  thermal  ignition.  This  is  cjuite  distinct  from  the  photochenuoal 

ignition  where  tlie  [lICl]  donunates  the  kinetic  processes  at  all  times.  The 

induction  times  for  the  bvc  cases  of  tlienral  ignition  have  been  determined  from 

the  tOTperaturc-time  curves  displayed  in  Figs.  27  and  28  as  before.  In  order 

to  further  elucidate  the  distinction  beb-veen  the  thermal  and  photochemical 

ignition,  the  results  of  the  present  calculations  have  been  replotted  in 

Fig.  29  in  the  well->uicwn  phase  plane  discussed  by  Bc^rlad ' ' and 

(13) 

Corkanowicz  . The  curates  sho^v’  the  progress  of  the  reactions  for  each 
mode  of  initiation  and  each  curve  approaching  its  o.v-n  final  state.  One 


ciJi  clearly  sec  tlic  distinction  between  the  tlicrnul  and  tlie  photocha'iiica]. 
initiation  delineated  by  the  separation  cur-re  S.  A final  calculation  was 
nt’de  to  chock  tJre  effect  of  initial  pressure  on  tJie  induction  tir.ie  for 
Lotli  tile  theriiol  and  tlie  photochemical  modes  of  initiation.  For  the  ther- 
mal mode  of  initiation,  an  instantaneous  jirrp  of  temperature  frem  298'’K 
to  16Q0°K  was  assumed;  for  the  photoi.ysis  case  radiation  intensity  of  1.5 

O 

kw/an^  at  3300  A was  taken.  In  all  cases  the  explosive  gas  mixture  was 
equimolar  il^-Cl^  at  initial  pressures  ranging  from  20  to  760  torr.  Fig. 

30  disp>lays  the  calculated  induction  turcs  as  a function  of  the  initial 
pressure.  Tl-is  induction  times  in  this  case  were  calculated  by  t\sO  methods. 
One  of  these  was  as  before  frou  Uie  maximum  slojx!  of  t-he  ten^erature-thme 
curve;  the  otlier  was  b^’  measuring  the  time  for  10%  IICl  production  of  the 
total  mole  concentration.  In  all  cases  the  induction  times  so  calculated 
were  within  about  5%  of  each  other.  From  Fig.  30  it  is  evident  that  for 
both  thermal  and  photo-chcmical  ignition  the  induction  tire  increases  vjiUi 
decreasirig  initial  pressure  with  the  sharpest  increase  for  initial  pressures 
loss  than  100  torr.  These  curves  are  very  ccmpatible  v;ith  tJic  trend  of 
ignition  delay  witli  pressure  determined  experimentally  by  Cer]:anCTvicz 
for  the  CH^-oxidizer  and  the  H^-oxidizer  systems.  To  ccrpai-e  the  relative 
efficiency  of  photochemical  versus  thermal  ignition,  the  data  generated 
were  normalized  with  rcsfX'Ct  to  tlie  .induction  tine  at  760  torr  to  make  both 
modes  of  initiation  coq-Aitible  for  cesrpeurison.  Tlie  roplottcd  normalized 
curve  is  slicw.-n  in  Fig.  31  fron  wiiich  it  is  seen  t)at  the  induction  times 
for  photociica;ical  initiation  are  mucii  less  than  tliat  for  thermal,  for  de- 
creasing initial  pressure.  Since  the  induction  time  is  a direct  measure 
of  the  efficiency  of  the  reaction  itself  (the  shorter  the  induction  time, 

Uto  more  efficient  the  reaction),  tiie  results  indicate  that  in  terms  of 
efficienev’,  photochemical  initiation  is  mucli  more  efficient  than  thermal 
initiation  whic'n  is  not  an  unexpected  conclusion  just  from  simple  thermo- 


ir 
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dynanuc  considerations . In  fact,  Cerkanov.’ici.  has  dcronstratod  experi- 
inentally  that  tJio  relative  nuiihmm  energy  recmirod  for  ignition  of  sub- 
atnosphcric  methane-air  mixtures  is  miuch  less  v.’itli  photochemical  th.an  with 
spark  (thermal)  ignition.  Ttie  results  of  the  theoretical  calculations  can 
be  sirimarized  as  follavs.  A critical  limitiiig  value  of  tlie  initial  free 
radical  concentration  in  a topical  catalyst-fuel-oxidizer  .rnodiim  for  photo- 
chemical initiation  of  a'qdosive  reactions  can  bo  defined  to  characterize 
tliG  ignition  liimLts  for  tiiis  mode  of  initiation.  Tiais  is  analocpus  to  the 
auto-ignition  limit  for  tlie  tlormal  nrxle  of  initiation.  The  induction 
times  for  the  initiation  of  explosive  reactions  by  photochemical  moans  are 
veic>’  distinct  from  tliose  by  thermal  means.  Moreover,  the  results  of  our 
work  as  well  as  the  work  of  Ccriranowicz  indicates  that  ph.otochcmical  ini- 
tiation is  mucli  more  efficient  than  thermal  initiation  of  explosive  reac- 
tions in  the  saate  gaseous  mediim. 


4.  Wave  Processes  Purina  Photocherai  cal  Initiation 

Although  fran  t!ic  oxqDeriments  described  in  Section  2 of  tlus 
report  we  could  confidently  conclude  that  detonative  combustion  could  be 
produced  directly  by  photochamical  moans  we  could  not,  because  of  the 
nature  of  tlic  e.\px2rim.ental  apparatus,  look  directly  at  tiie  nature  of  the 
wave  phenenena  during  the  photochemical  initiation  process.  Pressure 
measurements  in  the  explosion  cell  suggested  that  the  pressure  lev'el 
ac)iievod  was  sanewhat  in  excess  of  tlie  C-J  level  corresponding  to  the 
initial  conditions  of  the  particul£ir  medium.  A C-J  detonation  wave,  however, 
was  observ’od  to  onanate  fror,  the  ignition  cavity,  suggesting  tliat  some  sort 
of  transient  wave  interaction  phenomena  must  have  laeen  occuring  in  tlie 
explosion  coll.  At  tlus  joint  it  v-us  felt  necessary  to  design  an  e.xpcri- 
ment  which  would  permit  direct  observation  of  these  effects  while  preserving 
the  overall  similarity  of  the  photochamical  initiation  sv’stcm.  Since  wo 
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haJ  iiv’ailablo  scsuo  roc ; alar  U'.’  traiuraittir.ij  q'o.it  t::  ’olatos,  75  iiin  x 150  lan  x 
6 nin  till  cl;,  the  cc-nccpt  for  tlie  o>:(x.>r.niK'nt  uvis  to  cunctnret  a roctancfular 
quarts  c!mrl>ar  frci’i  fear  such  plates  as  illustratcxl  ii.  Fig.  32.  'Fnis  yicjldcKl 
a ch£imb>or  which  v.-as  75  nr.i  .x  75  mr.  in  square  cross-s».x:tion  and  15  cm  long  and 
which  was  irradiatc<l  by  c.-.o  xenon  flashla'q^s  (Xcai.  Corj.'.  l’P.5-8-1  OOC)  placed  adjacen.t 
to  two  oi-wsite  qinu'tc.  plates.  The  irradiation  of  tlio  inside  of  tlie  ea-qjlosicn 
cl'kimbci'  was  erJ;a’.c<.\l  by  the  addition  of  ixiralxilic  reflectors  which  redirected 
as  much  of  tl'.e  flashla.np  catput  as  fxjssiblo  Ixick  into  the  chan±>er.  Obser- 
v'ations  of  phonaiiona  inside  the  oaplosion  ciiardjer  were  r.vade  optically  by 
spark  schlicrcn  photography  tiirough  the  other  jaair  of  windexs's  aid  oj'thogoml 
to  the  direction  of  LV  irradiation.  In  this  way  the  effect  of  tl'.e  intense 
flash  background  illumination  v.'as  niinimicod  since  it  othei''.-.’iso  v.-culd  have 
cciTipletely  overv.'heLmed  the  schlieren  field  illurtnation  if  vie.vod  directly. 

Tnc  sequence  of  events  inside  tlie  ogilosion  chamber  were  recons lanrcted  frem 
single  Sixu'k  schliciren  records  of  individual  shots,  since  the  events  ware 
very  reproducible . CoTplimentiry  measureir.cnts  were  also  made  siaraltaneously 
via  calibrated  pross'arc  transducers  inserted,  as  before,  in  the  aids  of  the 
rcctang'alar  qaartr.  e.xplosion  cell.  Since  the  four  quartz  plates  were  held 
togctlier  wi ti  a stainless  steel  rib  cage  and  "0"  ring  seals,  the  pressure 
tran£kluccrs  ware  obstructed  from  the  direct  flash  UV  irradiation.  In  fact 
they  were  about  19  mm  beyond  the  edges  of  the  epuartz  observation  windcu'/s. 

For  this  very  same  reason,  tho  total  unobstructed '.i a.’ of  5 cm  x 12  cm  was 
available  for  schlieren  obscr-cation. 

To  get  sene  feel  for  the  initial  free  radical  distribution  in 
this  apparatus,  theoretical  calculations,  using  the  absorption  s^xictrum  of 
the  Cl^  molecule  (Fig.  5)  v.-erc  made  to  estimate  the  degree  of  absorption 
of  radiation  witiin  the  span  of  the  II^-Cl^  mixture  at  100  ton:  initial 
pressure  contained  within  the  rcctancjula^  cha-mb-ir.  As  illustrated  in  Fig. 


33  tiio  arulvsis  asTSUjtK'G  an  intensity  1 o:  LV  ladiaticn  centerc'd  arouiid 

' o 

O 

3300  A (which  corresix>ndn  to  tJ’C  peak  Cl^  ab'orjetion)  to  iiradiato  ii'Cfe.  t’.\0> 
sides  tlie  slab  ot  qas  contained  between  tv.o  W transiiiitting  w i idoA’s . V.h,;it 
is  plotted  hc>rc  is  tlic  intensity  of  tlie  radiation  fiel.d  inside  the  sbij  of 
gas  noi-TTUliccd  against  tlio  initial  intensity  of  tlie  iri'adiating  fla.sh. 

Tlio  results  indicate  tliat  we  would  get  significant  r\l3sor]Dtion  in  ti'.e  sp'in 
of  gas  confiived  wiLlnin  th.c  t\-A3  quiirtz  windews  with  only  215  of  tlie  totnl 
incident  radiation  intensity  [X'netrating  to  the  center  of  s\Ti;'.otr^’  of  the 
drir'bcr.  This  would  imply  a peal;  free  radical  conccntraticn  i-.i-.rdiatcly 
adjacent  to  t!io  \.-indCT\'s,  but  also  a sirbstantially  significant  distribution 
tliroughout  the  entire  volure.  Fig.  34  illustrates  a sequence  of  t\q’ical 
spark  schlieren  records  of  tlie  phictochejnical  initiation  in  this  apparatijs. 

In  this  case  the  flashlarrps  were  ruisked  at  tlicir  ends  leaving  e;-qx3scd  tlie 
central  5 aa  spans  to  guarantee  spinwisc  unifomity  of  flash  intensity.  On 
tlie  plictogrufdis  the  open  spans  of  the  flashlamus  are  bctv.-ecn  the  tv.ci  £irrowlike 
Irlack  niai'kers.  Tne  first  tiling  to  obseio/'e  is  that  ti-.o  discrete  wave  fronts 
originate  fran  the  \dcinity  of  tlio  window’s  through  which  the  bV  radiation 
is  transndtted  fran  iJio  f lashlaraps.  This  is  cxxraaatible  witli  the  fact  that 
we  expect  tlic  highest  free  radical  concentration  there  and  hence  the  region 
of  the  most  intense  chemical  activity.  The  tv.o  discrete  fronts  advance  on 
each  other,  diffracting  at  tlic  edges  of  the  non-irradiated  region  (the 
region  outside  tlie  black  markers)  and  colliding  to  form  a .'>iach  reflection 
which  then  moves  out\\nrd  longitudirtilly  to  impact  on  the  end-rrounted  pres- 
saire  transducers,  'flic  pressure  records  are  displayed  adjacent  to  the  sch- 
lieren photograpiis . The  first  pulse  corresponds  to  the  E-1  noise  generated 
the  cnerg’y  discharge  to  the  flash  lamps  fran  the  low  inductance  condenser 
bank  (8  uf,  18  Jc/  corresponding  to  1300  joules  stored  energaO  . The  small 
fuszy  sigiaul  to  the  right  of  the  first  pulse  is  at  the  time  that  the  sch- 
lieren spark  soiu'cc  fires.  The  third  peak  is  the  pressure  signal  fran  the 
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ca'' ibruLi-\3  OCB  113A24)  pressure  tiraisducor  signalling  tl'.o  arrival  of  tic 
vtivo  at  tl'.:'  enJs  of  the  axplosion  cirrricr.  !.’ot  sari^risingly , tiiO  pressure 
measured  by  tlic  tro-usducers  correspe-nJr.  to  a ievel  utiich  is  in  excess  of 
that  for  a C-d  v;ave  aixl  can  be  cittriijutod  to  thf'  overdriven  Macii  stc3ii. 

Thus,  altliougli  supra-detonation  f>rcssurcs  are  producoti  cus  a result  of  wave 
inter-action  plienavona,  one  carnot  say  at  this  stage  that  tiro  initial  waves 
are  detonations.  No  cletu"  cut  idcntificatio.n  as  suclr  can  bo  made  fraa  the 
multilayered  \\a:inklc.d  strv.cture  of  the  v.avc  as  it  appears  on  the  achlieren 
piiotogriiphs.  have  velocity  mcasurGaoirts  over  such  a sirort  span  of  travel 
are  too  inaccurate  to  give  any  meaningful  estiriutions  apart  fraa  being  an 
insensitive  mearrs  of  assessment  in  tire  first  place.  To  clarify  this  jxrint, 
one  of  the  flash]  atps  on  one  side  of  the  c.ham.ber  was  ca"ipletely  masked  out 
and  the  apparatus  fired  again  under  other v.lse  identical  conditions.  Fig.  35 
ncAv  indicates  the  outward  r.-ova'.'Krnt  of  one  discontinuity  only.  In  this  case, 
the  wave  is  free  to  traverse  tire  entire  clrari'or  without  interaction  and  the 
pressure  record  iirdicatos  first  that  its  arrival  at  the  transducer  is  later 
than  brfore  with  a pr^ssur'c  level  that  is  much  bela.s’  tire  C-J  value.  It  was 
irot  cle.'ir  at  tliis  stauo  whotirer  the  discontinuity  v^7as  a deflagration  wave 
driven  1 / t!v'  exoth-.  rriic  ca'.ibustion  processes  in  i.ts  wal;e  or  an  inert  decay- 
ing 5-;. \%uvc  (blu.st  v.-avo)  produced  by  the  rapid  photocharacal  absorption 
of  tf  ■ f .h  t .M-'pr/  in  the  vicinity  of  the  quartz  window.  Fig.  36  shows  a 
sir.ul'T-  . s’hli'rcn  {photograph  and  pressure  record  of  an  identical  flash 
in  a mL-diu..  of  chlorine  gas  (Cl 2)  alone.  No  wave  phenomena  are  indicated 
in  cith.'r  U>'  schlior-cn  field  or  in  the  pressure  record,  confirming  that 
tlic  wave  obsorvcxl  in  the  previous  records  (Fig.  35)  could  not  bo  duo  to  the 
radiation  absorption  process  alone,  but  is  rather  duo  to  corbustion  processes 
subsequent  to  photnch-r-dcal  ignition.  The  energy  of  tho  flash  was  increased 
to  2300  joules  in  an  attanjjt  to  pump  more  W radiation  into  tire  explosion 
chamber  via  tho  single  immasked  flashlamp.  Fig.  37  clearly  indicates  fraa  the,' 
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Lchliori..‘n  pliotograpli  and  tlie  prcsnuro,  dart.^at  ir'iifciation  of  detonation 

v.cis  produced  in  thi?;  Ciino.  Tlio  pi'cnsuro  lew],  corresponds  in  tlii.s  case  iden- 
tically to  tile  C-J  level.  Althoucdi  we  had  daiicnstrated  urraistakaljly  at  this 
stage  tliat  dirt>ct  initiation  of  detoration  could  be  produced  by  photcxrhomical 
rreans,  it  was  intriguing  to  ce:ploro  what  sort  of  phcncEaena  would  be  observexi 
with  even  nore  intense  bV  irradiaticii.  To  this  end,  wo  rarovod  all  Uie  mask- 
ing to  tlie  flaslilaifias  arid  proceeded  to  observo  tlae  phenaaena  with  procures  si  vely 
increasing  flash  cncrcj^’  bcA'ond  tliat  necessai-y  for  tlio  direct  initiation  of 
detonation.  Fig.  33  illustrates  such  a scKTuence  of  orperiraents  in  which  tiae 
flash  energy'  increases  ns  one  goes  fror.  top  to  bottom  of  the  series  of  photo- 
graphs. Iho  black  arrew-like  irarl-'.cr  indicates  the  center  of  tlio  ajapartus. 
Bc'cause  of  tlw  non-uniformity  of  the  span  wise  intc.nsity  of  the  flashlamps, 
totiilly  urmasliod  licre,  one  irmediatoly  notices  the  wa’ry  sparr.-.’ise  contours  of 
tlio  waves.  Tn.ere  arc  ta-.v)  obssr'v'ations  that  must  be  made  about  the  results 
displayed  in  t.his  figure.  The  first  is  that  tiere  is  a proc^n'cssive  fading 
or  "washing  out"  of  the  detonation  front  discontinuity  in  tie  schliorcn  field. 
This  is  coupled  witi  a measurable  drop  in  tio  press’ure  jirp  across  tic  deto- 
nation front  even  though  the  detonation  velocity  is  maintained.  Kc  Ccin 
attribute  tiis  to  pro-dissociation  and  tic  asscxriatcd  increase  in  the  acous- 
tic speed  in  tie  intensely  irradiated  gas  ahead  of  tie  ad\'ancing  detonative 
front.  In  fact,  by  progressively'  i.ncroasing  the  flash  energy',  we  expect 
that  the  pressure  behind  the  di  scontinuity'  can  lx;  made  to  range  fram  the 
C-J  level  to  that  corrosjxinding  to  constant  volume  ex-plosion  of  exbout  half 
C-J  level.  This  corrosixinds  to  the  situation  whore  the  discontinuity  has 
degenerated  to  an  acoustic  level  in  tej-ms  of  the  pressure  jump  as  it  propagates 
into  a highly'  dissociat;"d  gas.  To  all  intents  and  purposes,  the  entire  m.odium 
would  be  reacting  throncjhout  more  or  less  volumotrically  at  this  supra- lovol 
of  UV  irradiation.  The  importa.nt  conclusior„s  tliat  can  be  drawn  fraii  this 
series  of  ax-poriments  can  lx  sumned  up  as  folloiv-s.  The  region  of  highest 
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, free.'  radical  ccmcontration  if.  ir.r,ic.\liatc'ly  adjacent  to  tJie  windcr.vs  thurough 

i 

i which  tlio  rvL-xliuu  is  irradiate^.!  try  IV  radiation.  Tnis  is  confirincd  by  the 

; fact  that  the  discrete-  cordrastion  wave  discontLnuities  originate  frem  those 

regions.  Direct  initiation  cf  detonation  in  the  e.':plosion  chamber  can  bo 
prodacc'd  pliotochtinically  v.hcn  the  flash  intensity  c;;coeds  a certain  cril  i- 
cal  intensity.  Detonations  coji  also  ho  produced  in  short  order  within  tlyj 

1 

onjlosion  chiober  by  the  Mic  h collision  of  defiacration  v.avcs  c : . * .J  ' 

sub-critical  flasli  intercsitios.  At  intensit-  ’.“^''els  of  irrad  t^  ..  in 
i excess  of  tliat  necessary  for  dircxrt  initia* ’o  n,  tliere  is  a •■•_ssive  ' 

wovikening  of  the  detonation  discontinui  t .•  a-  ho  v.  . a.v  ■ . aparates  into 
a highly  prc^lissociated  medium.  It  is  ex;.  ■■  ‘ • th  supr  -inte.nse 

irradiation,  yolvr.eti'ic  initiati  a of  chei'ic  ..  :ii-  ‘ • arou  iiout  the 

I ' 

i entire  ir-rdiirr.  v.ouid  b.’*  pro'  ._cd.  I 


b.  , f nhoto-rhCLmical  Ir.itiatio.n  cf  D’toniticn 

Althonah  '.^r'  could  nci;  see  tlie  presence  of  tiie  detonation  right  in 
the  nx'tau  'ular  «.og;losion  cha-ixir,  wo  still  could  not  trace  its  devoloprvont 
froTi  th-  instance  of  the  first  appearance  of  chemical  reactions.  This  is 
bccTJso  in  the  latter  o;gK>rir'.cnts,  the  region  irTrediatoly  adjacent  to  the 
windev  is  still  obscr.’rrcd  by  tlio  bracket  hinges  holding  the  cliamber  in  a 
seal-ed  configuration.  Once  again  it  was  necessary  to  modify  the  apparatus 
so  that  tlie  field  of  vicAv’  including  the  entire  flOA-  field  frem  the  windoc^ 
out  could  be  visible.  Having  daionstratcd  that  a single  flashlanp  will  do 
the  job  of  initiating  a detonation  wave  in  an  ecj-uimnlar  mixture  at  a 

100  torr,  in  the  modified  ap[joratus  wo  placed  a single  flashlomp  adjacent 
to  a cfuartz  udnclcA;  inserted  inside  a cylindrical  chamlucr  such  that  now  the 
entire  flco-/  field  was  v'isihle  by  schlicron  photography.  A sketch  of  the 
arrangarent  is  shcAvTi  in  Fig.  39.  The  quartz  v;indcrw  apertui'o  was  35  rm  in 
diam-etcr  and  6 mm  thick  illuminated  by  a single  xenon  flashlanp  (Xen.  Corp.  H’A-S 
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-lOOC)  placcxl  atout  30  rn  avr.iy.  The  explosion  clKUTiix^r  was  a stainless  sttxil 
cyliixlca'  100  nin  in  dioi'v?ter  and  100  mn  long,  ecjuipi-xxl  with  large  windavs 
(100  nm  diameter)  tJu-ough  \diieh  schlic.'ren  observation  of  the  entire  explo- 
sion clrmibcr  could  be  nvide,  ijicluding  an  cxlge-on  vic\7  of  tlie  quartz  initiat- 
ing i-xert  windcfA’.  A pressure  transducer  (PCB113A2-1)  was  inounted  at  tlx?  oi>- 
posite  end  of  tlie  ex})losion  clrcrber  facing  the  initiating  port.  Fig.  40 
display‘d  the  range  of  conibustion  j^hen'^jmena  proiauced  in  such  a.i  apparatus  via 
photcdv.micai  initiation  witli  progressively  increasing  flash  energy’.  The 
nii.xteie  ccr;;_or.ition  in  all  cases  here  is  ecniimoliu"  !!2-Cl2  at  ICO  torr  initial 
pressui'e  with  the  flash  energy  ranginci  fraa  0500  joules  to  7000  joules  through 
tlie  sinulx  xenon  flashlamt-j.  The  late  tir.c  apjx?aranco  in  ti'.ese  photographs 
corresix'ids  to  tlu'ee  distin.ct  propagation  rogir.es  vcig.’  rcninisccnt  of  those 

(4) 

obsorA'cd  in  tlie  thci'nwil  blast  initiation  niode  , narcly  the  dcfJagrative, 
tiaasitional  anl  dctortitivo  nxgincs  of  propagation.  However,  here  the  simi- 
laj'ity  ends  since  a closer  c-xarimtion  of  the  detailed  sequence  of  steps 
during  the  initiation  process  clearly  indicates  a drastically  different 
mcchiini'Tii  of  initiation.  For  ex.jrtplo.  Fig.  41  displays  a detailed  sequence 
of  the  dcvclopnent  (from  left  to  right)  of  the  cornbusticn  wave  in  the  dcflag- 
rative  nrxlc  of  proixigation  at  tir.e  interxaals  approxirately  5 usee  apart.  We 
note  that  the  canlnustion  phena-ivsna  starts  with  a diffuse  region  of  cheini.cal 
reactions  hnnediatoly  adjacent  to  the  irradiating  quartz  window.  iTiis  is 
followcxl  in  short  order  (frare  4)  b%^  the  rapid  dcveloprient  of  a shock  wave 
which  ultimately  in  late  time  leads  to  the  development  of  a deflagration 
wave.  Tt  must  ba  cmj;hasizcd  that  the  mcclianism  here  in  photochemical  initia- 
tion is  drastically  different  frem  that  for  thomval  initiation  such  as  in 
the  blast  initiation  rrede.  In  the  photcx:hcmical  initiation  situation  tiie 
shock  wave  and  t!ic  subsequent  deflagration  wave  £u‘e  formed  solely  as  a result 
of  the  oxotliermic  prcicesses  in  the  gas  after  the  initiation  of  chonical 
reactions.  In  the  blast  initiation  mode,  auto-ignition  and  subsequent  nen- 


lii'ioar  cxjupliny  loLweai  chojuical  kinetics  and  non-st,oady  gas  dyiKunic:',  in  Uio 
wai'.e  of  a decaying  blast  wave  constitute  the  nvrclianism  of  initiation.  Rc;fcr- 
ring  )xick  noiv’  to  the  photochemical  initiation  of  the  transitional  regime  of 
propagation  displayed  in  Fig.  42,  one  sees  again  the  diffuse  region  of  chc-ni- 
cal  reactions  (frame  1)  follcAvcd  by  tJv'  rapid  develoarent  of  a precursor  shock 
front  (frame  2) . Hcn-/ever,  in  tills  case  one  also  iioticos  tiie  devclorxi'ient  of 
a detonation  b’oLble  (fraaio  3)  v.'hich  subsequejitl y E'.-.-oeps  £u:ound  and  engulfs 
the  entire  shcx:k  spliore  resulting  viltimatoly  in  a full-fledged  detonation  wave. 
Fig.  43  displays  a scquor,:;e  of  sparJc  schlicrcn  piiotographs  illustrating  the 
direc;t  initiation  of  detonation  by  photochemical  m.aans.  Here  the  shock  wave 
evolves  very  rapidly  and  a full-flcdgol  detonation  is  seen  to  propagate  out 
right  fraa  the  very^  first  frame.  The  reason  for  the  do'ublo  h’jrr.yad  initial 
sliar>a  of  the  detonation  front  is  due  to  tl'ie  additional,  radiation  reflected 
into  the  explosion  chai’ibor  along  tlie  walls  of  tlie  tube  liolding  the  LV  radia- 
tion transmitting  quartz  v;indow.  Tl'iO  tube  was  xTappod  witli  aliv'.iinvim  foil  to 
prevent  transverse  trajisri'a.Esion  of  bV  light  into  the  edges  of  tlic  explosion 
chamber  and  it  seems  it  acted  as  an  ideal  reflector  of  specular  radiation 
into  the  cliambcr  tlii-ougli  tl';e  quartz  wirdax.  To  tlic  best  of  oeur  kncwlcdge, 
the  sequencer  of  photographs  displciycd  in  Figs.  40-43  are  the  first  ever  il- 
lustrating tile  detailed  iTK’Chanism  of  initiation  of  dotonative  I'eactions  via 
the  free  radical  initiation  aode  using  photo-dissociation  in  the  present  case. 
Pressure  measurements  carried  out  under  voi'ious  conditions  of  initiation  ^lrG 
displayed  in  Fig.  44.  Here  we  plot  roflectccJ  pressure  against  ijiitial  pres- 
sure of  the  cquiinoliu:  H2-CI2  mixture.  The  yardstick  that  we  take  for  canpori- 
son  hero  is  tlio  pressure  neasuromonts  obtained  in  a 1 motor  long  tube  ini- 
tiated by  a spark  at  one  cixl.  The  detonation  pressure  here  con'esponds  to 
the  classical  C-J  value.  Sjxirk  ignition  \\ras  also  done  in  tlic  cylindrical 
charcJx'r  right  on  the  face  of  the  quartz  windovv;.  Here  the  pjrcssures  measurexi 
arc  very  scattered  and  all  in  c.xcess  of  the  C-J  level.  We  attribute  this 
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to  the  fact  tiut  Lveauso  of  tlic  .short  sjxui  availiijjle  for  tiic  travel  of  the 
diverging  hemispherical  v.vtve  (•  100  niu)  its  prop^igation  was  still  influenced 
partly  by  the  spark  source  eiK-rgy  iuid  it  was  still  in  the  overdriven  state. 

The  case  for  direct  photoclxiaical  initiation  in  the  present  apparatus  cor- 
responds roughly  to  COO  joules  (8  ;jf,  12  kv)  of  flash  energy  for  100  torr 
initial  pressure  iji  cc]uir.'.olar  H2-CI2.  The  reflected  detonation  pressure  at 
[ tills  level  of  flash  cnez-gy  for  a range  of  initial  pressures  falls  consis- 

i tently  beltss’  that  for  a s;x-irk  (thcninlly)  initi.ated  detonation  in  a tube. 

At  Mghcr  flash  energy,  the  results  zlio.v  zin  even  lo'A’er  reflected  detonation 
pressure  significantly  bedo.-;  the  C-J  value.  E-uen  \\’ith  a longer  flash  dura- 
tion the  reflected  detonaticn  pressure  is  still  ntiintained  Ixilow  the  C-J 
level.  As  in  ■tlie  previous  case,  we  attribute  this  decrease  in  the  detona- 
tion pressure  to  the  fact  th.at  tiic  wave  is  proiaagating  with  a jxirtially 
predissociatcy]  nr-xliim  with  an  increased  acoustic  swod.  In  fact,  a number 
of  enpierircnts  were  pcrfoiv.'.ed  using  the  long  duration  flash  for  photo- 
chciiiical  initiation  iti  a nixture  weakly  sensitized  with  MO2.  Fig. 

45  illustrates  a very’  intriguing  secpicnce  of  photographs  with  a flash  enei'gy 
of  3250  joules  (2250  uf,  1.7  lev)  where  we  see  a diffuse  region  of  chemical 
reactions  develop  into  a discrete  front.  The  interesting  fenture  here  is 
thc'it  the  front  is  propagating  at  sometliing  like  100  m/scc,  i.e.,  subsonically. 

Hence  the  wave  cannot  sustain  a shock  yet  it  is  awfully  fast  for  a flame. 

Although  we  have  not  yet  fully  resolvtxl  the  true  chriracter  of  the  v.tive  in 
this  case,  vr;  feel  that  it  may  be  a Ic'minar  flnnxz  proixagating  into  a chemi- 
cally prc-activatod  medium.  At  a higher  flash  energy  of  7000  joules  (2250  uf, 

2.5  kv)  Fig.  46  displays  a tore  wrinkled  flame  surface  propagating  at  140  nv^sec. 

The  interesting  tiling  is  that  upon  reflection  of  tliis  supposedly  shockless 
flemo  front  from  the  opj-csito  wall  wheu'e  the  pressure  transducer  is  located, 
reflected  pressure  levels  of  the  order  of  the  C-J  detonation  level  arc  re- 
' corded.  Tlris  cortxiinly  is  a noi'ol  plicnanonon  tint  merits  fui'thcr  investigation. 

i 
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The  nuin  conclusions  Lliat  nicy  bo  drauii  Iran  tlds  set  of  cxpcn'i'iii'nts 
Ccin  bo  sunnnrincd  as  folla.-.’s.  I'Vaix'ndincj  on  the  flash  onorej^’  photochcmica] 
initiation  can  produce  throe  distinct  late  time  roginies  of  pi'cpagation  ana- 
logous to  those  observed  v;ith  the  blast  initiation  iiodo.  However,  results 
shc^v  tJiat  tlie  mcch.:inis:Tis  for  tlio  two  modes  of  initiation  are  drastically  dif- 
ferent. In  tlio  blast  motle,  the  initiation  process  is  controlled  by  the  auto- 
ig^iition  and  non-linear  coupling  of  chemical  kinetics  and  transient  gas 
d^TLamics  in  tlie  wake  of  a blast  wave  generate -d  by  the  source.  In  the  plioto- 
churical  initiation,  it  is  via  tlie  production  of  shock  wave  from  the  exo- 
tlicmicity  of  the  chcjaical.  reactioiis  triggered  by  tlie  free  radicals.  Tlie 
results  also  sha.-i  that  for  flash  energies  in  excess  for  tliat  necessary'  for 
dii'cct  initiation  of  detonation  by  photcxjhemical  means,  the  strength  of  tlie 
detonation  wave  decreases  procjrossivcly  with  increasing  flash  energy.  Kc 
cem  attribute  tliis  to  the  chemical  pre-activation  via  dissociation  of  the 
gaseous  e:-:plosive  medium  ^dlead  of  tlie  advancing  detonation  front. 

6 . Conclusions 

Tlio  results  of  tlie  present  study  derronstrate  conclusively  the 
feasibility  of  initiation  of  detonation  in  gaseous  e.xplosivo  media  via  the 
free  radical  inode  of  initiation.  Direct  initiation  of  detonation  has  boon 
achieved  after  cU  characteristic  induction  time  provided  the  initial  free 
radical  concentration  excc'cds  a certain  minhr'.um  critical  value.  These  con- 
clusions arc  based  on  tlie  present  cigierimcnts  performed  using  flash  photo- 
lysis as  the  reidical  producing  tcchnicjue  in  mixtures  of  H2-CI2  and 
with  and  v;ithout  NO2  sc'ns  I tization.  The  experimental  results  also  indicate 
that  tlie  induction  time  for  the  evolution  of  detonative  caihustion  dejxends 
on  tlio  initial  free  radical  concentration.  Theoretical  calculations  shoi^i 
tint  the  induction  tire  for  oplosivo  clienieil  reactions  increases  with 
decreasing  initial  free  radic'al  concentration.  The  rate  of  increase  is 


very  sharp  when  a criticcLL  minimum  limiting  value  of  the  initial  free 
radical  concentration  is  approached.  This  suggests  that  an  ignition  criterion 
similar  to  the  temperature  auto- ignition  limit  in  thermal  ignition,  can  be 
evolved  for  photochemical  initiation  based  on  this  minimum  initial  free 
radical  concentration.  The  results  also  indicate  that  the  induction  times 
for  the  initiation  of  chemical  reactions  by  photochemical  means  are  very 
distinct  from  those  by  thermal  means  due  to  the  difference  in  the  predomi- 
nance of  the  chemical  kinetic  steps  in  the  two  modes.  Relative  ocmparison 
of  the  two  modes  of  initiation  indicates  that  photochemical  initiation  is 
more  efficient  than  thermeLL  initiation.  An  experimental  study  of  the  mecha- 
nisms of  photochemical  initiation  of  detonation  indicate  that  discrete  dis- 
continuous combustion  waves  are  produced  in  the  regions  of  highest  free  radi- 
cal concentrations  in  the  explosive  medium.  The  highest  concentrations  occur 
in  sanples  of  the  explosive  gas  closest  to  the  UV  irradiating  source  and 
hence  these  wave  fronts  originate  there.  However,  significant  absorption  also 
occurs  ahead  of  the  advancing  fronts  so  that  the  combustion  waves  are  propa- 
gating into  a medium  which  already  chemically  preactivated  by  dissociation. 
Detonations  sure  produced  directly  in  excess  of  seme  critical  level  of  flash 
intensity  or  can  develop  very  rapidly  by  the  Mach  collision  of  deflagration 
waves  generated  by  sub-critical  flash  intensities.  In  the  photochemical  ini- 
tiation process  the  combustion  phenomena  start  with  a diffuse  region  of 
chaniccil  reactions  in  the  vicinity  of  the  highest  free  radical  concentration, 
adjacent  to  the  UV  irradiating  quartz  windews  in  the  present  Ccise.  Tliis  is 
initediately  followed  by  the  rapid  development  of  a shock  wave  which  ultimately 
can  lead  to  the  development  of  either  the  deflagrative,  transitional  or 
detonative  late  time  regimes  of  propagation.  These  regimes  are  reminiscent 
of  those  produced  via  the  blast  (thermal)  initiation  mode.  However,  it 
must  be  emphasized  that  the  mechanisns  here  in  photochemical  initiation  are 
drastically  different  frem  those  for  the  blast  mode  of  initiation.  By 
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ncchaiiisns  we  mean  here  the  detailed  sequence  of  events  between  the 
triggering  of  the  phenanenon  to  the  evolution  of  the  full-fledged  cembus- 
tion  wave.  In  the  photochemical  initiation  situation,  the  shock  wave  and 
the  subsequent  canbustion  wave  are  formed  solely  as  a result  of  the  exo- 
thermic processes  in  the  gas  after  the  initiation  of  chemical  reactions 
due  to  the  introduction  of  the  free  radicals.  In  the  blast  initiation  mode, 
auto- ignition  and  subsequent  non-linear  coupling  between  chemical  kinetics 
and  transient  hydrodynamics  in  the  wake  of  the  decaying  blast  wave  consti- 
tute the  mechanisn  of  initiation.  To  the  best  of  our  knowledge  the  results 
of  the  present  study  are  the  first  ever  to  elucidate  in  detail  the  mecha- 
nisns  of  photochemical  initiation  of  detonation.  Finally,  the  results  also 
show  that  for  flash  energies  (and  hence  initial  free  radical  concentrations) 
in  excess  of  that  necessary  for  direct  initiation,  the  strength  of  the  deto- 
nation wave  decreases  progressively  with  increasing  flash  energy.  We  can 
attribute  this  to  the  chemical  pre-activation  via  dissociation  of  the  gaseous 
explosive  medium  ahead  of  the  advancing  detonation  front.  It  seems  reason- 
able to  expect  that  with  supra- intense  irradiation,  volumetric  initiation  of 
chemical  reactions  throughout  the  entire  medium  would  be  achieved. 
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